Abstract: Nanocrystals of ZnO are currently attracting great interest as potential labels for biological applications, such as theranostic devices, due to their luminescent properties and low toxicity in vivo. It has been reported that doping with Mg 2+ ions could enhance the luminescence of ZnO quantum dots (QDs). In the present study Mg-doped ZnO QDs were synthesized by a hydrolysis and condensation reaction. Surface modification of the QDs was performed using oleic acid (OA) to hinder their aggregation and to provide them colloidal stability in non-polar environments. Mg 2+ ions could be incorporated into the ZnO wurtzite lattice owing to the very close values of the Mg 2+ and Zn 2+ ion radii. However, the dopant ions strongly influenced the growth and final size of ZnO nanocrystals, as evidenced by time-resolved synchrotron SAXS measurements. The presence of Mg prevented the aggregation of the primary nanoparticles. Doping with Mg 2+ ions widened the band gap of ZnO QDs and enhanced their visible luminescence. With increasing proportion of Mg 2+ ions, both the absorption and emission spectra experienced a blue shift. The luminescence went through a maximum for a 20 mol% nominal concentration of Mg 2+ ions in the reaction medium. The quantum yield (QY) of 20 mol% Mg-doped ZnO colloidal suspension (64%) was about 6 times higher than that of the ZnO suspension (10%). Mg-doped ZnO QDs capped by OA formed stable colloidal dispersions in chloroforme, with strong visible fluorescence (QY = 38%), promising for biological imaging.
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Introduction
At the nanoscale, the optoelectronic properties of semiconductor crystals depend on their size. For crystals smaller than twice the Bohr exciton radius (the socalled quantum dots, QDs), the semi-conductor band gap widens as the nanocrystal size decreases, owing to quantum confinement effects. Consequently, the radiative recombination of an electron from the conduction band with a hole from the valence band leads to the emission of a photon whose wavelength can be tuned by changing the nanocrystal size. The creation of an electron-hole pair (or exciton) is induced by the absorption of a photon with energy above that of the band gap, resulting in a broad absorption spectrum. Both the absorption and emission spectra of QDs experience a blue shift with QD decreasing size (1) .
Usual QDs are made of CdSe, CdTe, InAs and InP. Depending on their composition and size, their emission ranges from near UV to near IR. They need appropriate surface modification, such as coating with amphiphilic molecules, to be dispersible in an aqueous solution. When functionalized with ligands such as antibodies or peptides, QDs can be used to label different types of cellular targets or detect biomarkers (2, 3) . Recently, nanoparticles containing QDs have been investigated as theranostic devices for simultaneous imaging and drug delivery (4) . For instance, doxorubicine has been loaded, along with QDs, into micelles, aptamers, and liposomes (5-7).
However, the potential cytotoxicity of first generation QDs is a major concern for biological applications (8) (9) (10) (11) . In this context, luminescent nanoparticles of ZnO are currently attracting great interest as potential labels for bio-imaging because of their biodegradability and very low toxicity in vivo, although ZnO nanoparticles are able to release Zn 2+ ions and produce destructive reactive oxygen species (ROS), as shown by cytotoxicity tests in vitro (12) (13) (14) . ZnO is an n-type semi-conductor with a wide band gap of 3.37 eV at room temperature and a Bohr exciton radius of ∼2.34 nm. The typical excitonic emission, arising from recombination of photo-generated electrons with holes in the valence band or in traps near the valence band, is thus observed in the UV range. Remarkably, the photoluminescence spectrum of ZnO nanocrystals also displays a broad visible emission, more suitable for biological imaging, which has been ascribed to point defects such as O and Zn vacancies or interstitials and related to surface oxygen-containing moieties, such as OH groups (15) . However, the understanding of the exact mechanism for visible emission is still lacking.
Because of the role of defects and surface chemistry, the synthesis technique is expected to strongly influence the luminescence of ZnO. In general, the visible emission of thin films or particles synthesized at high temperature or annealed is very weak whereas nanoparticles prepared by the sol-gel route exhibit stronger defect-induced visible luminescence. A typical sol-gel route is the hydrolysis and condensation of a precursor in ethanolic solution (Zn salt solution) catalyzed by a base (16) . However, the obtained ZnO QDs display a low quantum yield and are unstable in water and in non-polar solvents. Surface modification is further required to prevent growth and aggregation of QDs and to ensure their colloidal stability in different environments (17) . Obtaining ZnO QDs with high quantum yield while preserving their visible luminescence upon surface modification remain a challenge because of the sensitivity of photoluminescence to subtle changes of synthesis parameters and environment.
It has been reported that doping with Mg 2+ ions can enhance the luminescence of ZnO. Most of previous researches have focused on Mg-doped ZnO thin films and particles annealed at high temperature, with high UV emission but weak visible luminescence (18) (19) (20) (21) (22) .
In the present study, we report the design of ZnObased QDs with strong visible luminescence, promising for labeling of lipidic nanoparticles which could be used as theranostic devices. Specifically, we have shown that (i) Mg-doped ZnO QDs prepared using the sol-gel method exhibited enhanced visible luminescence, (ii) the maximum quantum yield was obtained for Mg precursor concentration of 20 mol%, (iii) Mg-doped ZnO QDs capped by oleic acid formed stable colloidal suspensions in toluene and chloroform, while preserving their photoluminescence.
Mg-doped ZnO QDs were characterized by elemental analysis, transmission electronic microscopy, small-and wide-angle X-ray scattering, Raman spectroscopy, UV-Vis absorption and photoluminescence emission. The aim was to establish a relationship between the composition and structure of the QDs and their luminescent properties. Zn+Mg] molar ratio was also kept constant. The reaction conditions were similar to those described above for preparing undoped nanoparticles. The Mg precursor concentration was increased from 2.5 to 20 mol%. Samples are referred to using nominal Mg 2+ mole fraction in the initial reaction mixture (e.g. 20% Mg-ZnO).
Materials and methods

Materials
OA-ZnO QDs: ZnO QDs capped by oleic acid (OA) were obtained by adding oleic acid to the ZnO QDs suspension (13 mM, 18.8 mM, 25 mM or 36.7 mM OA concentration) under vigorous stirring during 30 min at 60°C. The resulting turbid solutions were stored at 8°C overnight and then centrifuged (10 min at 10,000 rpm, 13000 g). The supernatant was removed and the OA-ZnO QDs were washed with ethanol, in which they could not be dispersed, in order to remove the unreacted OA. Afterward, the washed OA-ZnO QDs were dried at room temperature under vacuum and put in suspension into chloroform or toluene.
OA-Mg-ZnO QDs: The surface modification of the 20% Mg-ZnO QDs, which showed optimal photoluminescence properties, was achieved in the same way.
Powder obtention: Doped or undoped ZnO QDs could be recovered from the ethanolic suspensions thanks to an extraction procedure using heptane. The as-synthesized colloidal suspensions were mixed with a "non-solvent" heptane (24) (1:4) to induce the precipitation of the QDs, and then centrifuged at 20°C for 10 min (10,000 rpm, 13000 g). The supernatant was discarded and the powder was dried under vacuum at room temperature. The dried powder was used for X-ray powder diffraction characterization, Mg quantification and Raman spectroscopy analyses.
Characterization Inductively coupled plasma mass spectrometry (ICP-MS): Mg
2+
concentrations in doped QDs were determined using inductively coupled plasma mass spectrometry at the Institut des Sciences Analytiques, Villeurbanne.
High resolution transmission electron microscopy (HRTEM): HRTEM
investigations were performed with a JEOL JEM-2011 UHR scanning electron microscope operating at 200 keV, at the "Service of electronic microscopy" at the University Pierre and Marie Curie, Paris, France. A drop of the dilute colloidal suspension of QDs was deposited on a copper grid. Image analysis was carried out with the ImageJ software.
X-ray powder diffraction (XRD): XRD analysis of nanoparticles was performed on a Bruker D2 PHASER diffractometer, using the Cu Kα radiation, λ = 1.5418 Å, selected by a curved graphite monochromator and a fixed divergence slit of 1/8° in a Bragg-Brentano configuration. The diffraction intensity data were measured in the 2θ range 5-70° by the step counting method (0.1° step and 3 s counting time).
Small-angle X-ray scattering (SAXS): SAXS experiments were performed on the SWING beamline, operated at 10.5 keV, at the SOLEIL synchrotron source (Saint Aubin, France).
For two compositions, pure ZnO and 20 % Mg-ZnO, the nucleation and growth of nanoparticles have been followed in situ, using a home-made stopped-flow device. The freshly prepared precursor solution and the ethanolic LiOH solution, contained in two syringes, were simultaneously pushed by syringe pumps into two tubes, rapidly mixed at the Y-junction of these tubes and introduced into the thermostated X-ray capillary. The temperature of the sample holder was set to 60°C. Time-resolved SAXS patterns could be recorded from the first seconds of the reaction. The acquisition time of each curve was 200 ms. The dead time between two acquisitions was adjusted to take into account the evolution of the nanoparticle growth rate during synthesis.
SAXS patterns were collected by a two-dimensional CCD detector with a sample-to-detector distance of 1727 mm. The scattered intensity was reported as a function of the scattering vector q = 4π sinθ/λ, where 2θ is the scattering angle and λ the wavelength of the incident beam. The calibration of the q range (0.0062-0.64 Å -1 ) was carried out with silver behenate.
Intensity values were normalized to account for beam intensity, acquisition time and sample transmission. Each scattering pattern was then integrated circularly to yield the intensity as a function of q. The scattered intensity from a capillary filled with ethanol was subtracted from the sample scattering curves. The analysis of the SAXS data was carried out using the software package SASFIT (25) .
Raman spectroscopy: The Raman spectra were collected in the backscattering configuration at room temperature with a commercial Kaiser Optical Systems RXN1 Raman spectrometer equipped with a near-IR laser diode working at 785 nm, operating with a power output of 50 mW. All the samples, apart from liquid oleic acid, were dried powders.
Spectroscopy UV: The absorption spectra were measured using a Cary Win 4000 UV-Vis spectrophotometer with a cuvette of 1 mm optical path. The spectra of the QDs suspensions were recorded between 250 and 450 nm, with a wavelength step of 1 nm, and an average counting time of 0.2 s per point. The UV-vis spectra were corrected from the absorption spectrum of ethanol.
Photoluminescence spectroscopy (PL): The emission (PL) and excitation (PLE) photoluminescence spectra were recorded on a Luminescence spectrometer LS50B (Perkin-Elmer) at room temperature with a Xe lamp (20 kW) as the excitation source. For PL measurements, each sample was excited at the optimal wavelength, defined by the PLE spectrum ( Table 1) .
The quantum yield (QY) determines the efficiency of the conversion of absorbed photons into emitted ones. Usually, the relative QY of the studied sample is compared with that of a reference fluorophore. In this work, a solution of Rhodamine 6G in ethanol (QY = 95%), often used as reference for green emission, was selected as the standard (26) . According to the method described by Crosby and Demas (27) , the QY is given by the following formula:
where A is the absorbance at the excitation wavelength (λ), n the refractive index of the solvent used and D the integrated fluorescence intensity (the area under the corrected emission curve). The subscripts r and x refer to the reference and sample solutions, respectively. To minimize the errors, the same excitation wavelength was chosen to measure the PL spectra of the Rhodamine 6G and QD solutions and the two solutions had the same absorbance at this wavelength (A = 0.05).
Results
Mg-doped ZnO QDs were synthesized by the hydrolysis and condensation reaction described above. Surface modification of the QDs was performed using oleic acid (OA) to hinder their aggregation and to provide them colloidal stability in different environments. Figure 1A shows powder wide-angle X-ray diffraction patterns, recorded between 2θ = 5° and 70°, of ZnO reference, ZnO QDs and Mg-ZnO QDs. They display peaks characteristic of the ZnO hexagonal wurtzite structure. No peak characteristic of the MgO rock salt phase (e.g., at 42.5°) is detected whatever the concentration of Mg 2+ ions.
The broadening of the peaks of Mg-ZnO QDs could result from a decrease in crystallinity and/or crystal size, promoted by the presence of Mg. Assuming that this broadening is mainly due to size effects, the average size of nanocrystals could be estimated using the Debye-Scherrer relation (28) applied to the (100) reflection:
where D is the crystal size; k is a constant (shape factor, 0.89 for spherical nanoparticles), λ is the X-ray wavelength, β is the full width at half maximum (FWHM) of the diffraction peak and 2θ is the diffraction angle. The size of the nanocrystals decreased from 3.3 nm for ZnO to 2.0 nm for 20% Mg-ZnO. Figure 1B shows a zoom of the (100) diffraction peak between 2θ = 30° and 2θ = 34°. Mg 2+ ions shift the (100) peak to slightly higher angles, suggesting a weak decrease of the lattice parameters. This small change, whose extent depends on the Mg Table 1 : Amount of Mg incorporated into ZnO QDs obtained by ICP, crystallite size deduced from X-ray diffraction peaks using the Debye-Scherrer relation, bandgap measured using UV/Vis absorption, wavelength of the PLE peak maximum, wavelength of the PL emission peak maximum, quantum yield of each sample. The size and morphology of ZnO and 20% Mg-ZnO nanoparticles were also studied using HRTEM (Figure 2 At the beginning of the reaction, ZnO curves display a plateau at low q-range (Guinier region), indicative of the scattering of non-interacting particles. In the Guinier region, the scattered intensity can be approximated by
Initial Mg mole fraction
where Rg is the radius of gyration (Guinier radius) of the particles (29) . The Guinier plateau progressively shifts to lower q-values, reflecting the increase in the nanoparticle size with time. The curves display an oscillation at high q-values, which can arise from the form factor of spherical particles. The SAXS profiles could be fitted by the form factor of homogeneous spheres with Gaussian radius distribution. The radii of gyration Rg are consistent with the mean radii of the nanoparticles R, as deduced from the fits [for a sphere Rg is defined as Rg = (3/5)
½ R] ( Figure 5A ). The size of the nanoparticles increased steeply during the first minutes of the reaction, up to 3 nm after 3 min. After about 15 min the size of the primary particles, which has reached 4 nm, no longer evolved. At the end of the reaction, after about 50 min, the intensity scattered at low q-values strongly increases and the Guinier plateau disappears. In the low q region, a linear decay of logI is observed in the logI vs. logq plot: I(q) ∝ q -α (30) with α = 2.09. This behaviour evidences the formation of fractal aggregates with fractal dimension α, defined as the exponent that relates the mass M of an object to a characteristic dimension R: M ∝ R α . The α = 2.09 fractal dimension is characteristic of structures formed by reaction-limited cluster-cluster aggregation (RLCCA). The aggregation rate is limited by the time needed to overcome the repulsive barrier between two clusters. Compared to the diffusion-limited cluster-cluster aggregation (DLCCA), the RLCCA mechanism corresponds to slower colloid aggregation, yielding more compact clusters due to the lower sticking probability (31).
This linear decrease in logI as a function of logq is observed between q-values corresponding to the primary particle size and the fractal aggregate size, respectively. As shown by the curve oscillation in the high q range, the mean radius of the primary particles remains constant, at about 2 nm, until the end of the reaction. Consequently, the formation of ZnO QDs involves two main steps: the nucleation and growth, up to a size of ∼4 nm, of elementary nanoparticles during the ten first min of the reaction, followed by the formation of fractal aggregates with fractal dimension α = 2.09.
The structures giving rise to the first Mg-ZnO SAXS profiles collected during the synthesis of Mg-ZnO QDs could not be identified. After about 5 min, the SAXS curves could also be fitted by the form factor of homogeneous spheres with Gaussian radius distribution. The growth of nanoparticles is rapidly stopped after the nucleation step. Nanoparticles remain smaller than ZnO ones. A further small increase in size is observed at the end of the reaction. The intensity I(0), proportional to the number of nanoparticles in the medium, increases continuously during the first 60 min of the reaction. Of note, unlike ZnO nanoparticles, Mg-ZnO QDs do not form fractal aggregates with time, suggesting that the nanoparticles have different surface properties.
Raman scattering carried out on QDs allows obtaining information on the surface species and on the modifications of the optical phonon spectrum, as compared to ZnO bulk crystal values ( Figure 6A and B) .
The spectrum of ZnO standard shows a prominent peak at 439 cm -1 and weak peaks at 332 cm , in agreement with previous studies (32) . The peak at 439 cm -1 is characteristic of the wurtzite lattice; the sharp line shape is indicative of high crystalline order. This peak becomes less intense in ZnO QDs while the intensity of the 410 cm -1 band increases, appearing as a shoulder of the peak at 439 cm -1 . The optical properties of the ZnO and Mg-ZnO QD colloidal suspensions were studied by UV-Vis absorption and PL spectroscopy. UV-vis absorption spectra of ZnO and Mg-doped ZnO QD suspensions are shown in Figure 7 . The absorption edge shifts from 340 nm to 305 nm with Mg concentration increasing from 0 to 20 mol%. This progressive blue-shift is indicative of the band gap widening upon Mg doping. The band gap energy was estimated to be the energy at which the absorbance of the absorption edge reached half of its maximum value (36) . An increase from 3.37 eV to 3.71 eV is observed, consistent with previous studies (Table 1) .
Usually, the PL spectra of ZnO exhibit two components. One is the exciton, or band-edge, emission in the UV range, the other is visible emission, also called deeplevel emission, due to the existence of defects which are mainly located on the ZnO surface. Nanoparticles prepared by the sol-gel route exhibit mainly visible luminescence whereas their UV emission is weak. On the contrary, highly crystalline ZnO displays strong band-edge luminescence. In our study, only a weak UV emission peak at ∼380 nm was observed when the ZnO QDs where excited at 342 nm. The intensity of the UV emission peak further decreased and became negligible when the concentration of Mg in QDs increased, in agreement with a previous report (37) . Mg-doped QDs were excited at low wavelength, between 324 nm and 346 nm. We have therefore focused on the visible emission, by selectively exciting the defect states. Photoluminescence excitation (PLE) spectra were measured with detection at a wavelength where the visible emission was maximum (Table 1) , revealing an increase in the peak energy with increasing Mg doping level (Figure 8 ). This dependence is in line with that of the absorption spectra.
Photoluminescence emission spectra were then collected by exciting each QD suspension at the wavelength corresponding to the maximum of the PLE spectrum (Figure 8 ). The emission spectra exhibit two broad bands at 400-495 nm and 495-590 nm, whose relative intensities depend on Mg 2+ concentration. The intensity of the first band is enhanced at high Mg 2+ concentration. The luminescence increases when Mg 2+ concentration rises from 5% to 20%. The quantum yields of the different samples are reported in Table 1 . Remarkably, the quantum yield (QY) of 20 mol% Mg-doped ZnO colloidal suspension (64%) is about 6 times higher than that of the ZnO suspension (10%). Figure 9 shows the emission spectra of ZnO and 20% Mg-ZnO QDs capped by OA dispersed in chloroform excited at 345 nm and 341 nm, respectively. The emission wavelength range is not affected by OA. The corresponding More importantly, in Mg-ZnO QDs the weak 439 cm -1 peak is involved in a broad band, reflecting the diminution of crystallinity induced by Mg incorporation.
The presence of oleic acid (OA) attached on the surface of QDs is unambiguously evidenced by the intense and well resolved peaks at 1265 cm -1 , 1301 cm -1 and 1655 cm -1 which cannot overlap with peaks arising from other species. These peaks correspond to δ( = CH) deformations, δ(CH 2 ) n deformations and υ(C = C) stretching vibrations of unsaturated fatty acids, respectively (33) . Other peaks assigned to OA (34) are listed in Table 2 .
Beside peaks originating from the optical phonon spectrum of QDs and OA molecules capping their surface, Raman spectra of QDs exhibit a prominent peak at 940 cm -1 and weak broad peaks at 1352 cm -1 and 1435 cm -1 , which could be attributed to acetate ions. These peaks correspond to ν(C-C) stretching, δ(CH 3 ) symmetric bending and ν(CO) symmetric stretching, respectively (35) . Raman measurements support the incorporation of Mg 2+ ions in ZnO lattice and demonstrate that the QD surface is efficiently capped with OA. They also evidence the presence of acetate surface groups.
QY values are reported in Table 3 . It can be seen that OA reduced the QY of doped ZnO QDs from 64% to about 40%.
Discussion
Doping ZnO is an effective approach to modify its properties. The introduction of dopant ions can either enlarge or narrow the band gap of the semiconductor, thereby tuning the emission colors. Furthermore, doping ZnO nanoparticles with ions such as Mn 2+ , Ni 2+ or Co 2+ is known to impart magnetic properties to the material (38, 39) .
Effective dopant incorporation is a critical issue. If dopant ions are excluded during ZnO crystal growth or just adsorbed on the surface, the desired properties may be compromised. The close radii of Mg 2+ (0.57 Å) and Zn 2+ (0.60 Å) contribute to the solid solubility of Mg 2+ in ZnO since Mg 2+ ions may replace Zn 2+ ions in the wurtzite lattice. However, both the ratio of actual Mg amount in nanoparticles to nominal concentration in the reaction medium and the maximum Mg doping were found extremely sensitive to the conditions of sample preparation in previous studies. Generally, higher Mg 2+ contents were achieved when the nanocrystal synthesis was performed at high temperature.
Yang et al reported a dopant content of 22.6 mol%, for a nominal 50% content in the reaction mixture. Doped nanocrystals with different shapes were obtained (42) . In all cases the wurtzite ZnO phase was maintained.
In the present study, the actual Mg content was always much lower than the nominal precursor concentration in the reaction medium. When synthesis was carried out with a [LiOH]/[Zn+Mg] molar ratio r = 1.4, the maximum Mg 2+ substitution achieved was 2.94% for an initial Mg concentration of 20%. Synthesis performed with a different molar ratio, r = 0.5, yielded a concentration of 0.56%. These findings suggested that kinetic factors, likely related to relative precursor reactivities, could limit Mg incorporation in the host ZnO crystal. Generally, it has been emphasized that the growth rate of the host crystal and the rate of deposition of dopant ions should be balanced to achieve effective doping during crystal growth (43) .
The presence of Mg 2+ ions affected the growth and size of the NPs, along with their structure. Mg 2+ addition decreased the final size of QDs and inhibited their fractal aggregation, suggesting a modification of their surface properties. As evidenced by X-ray diffraction, HRTEM images and Raman spectra, doped QDs displayed a less crystalline, more disordered wurtzite structure than ZnO QDs.
The incorporation of Mg widened the band gap of doped ZnO QDs primarily by decreasing their size since NPs smaller than ∼6 nm are sensitive to quantum confinement. Moreover, it is known that doping with Mg widens the band gap of ZnO (37, 40) . According to Cohn et al., the introduction of Mg 2+ ions raises the conduction band potential and lowers the valence band potential of ZnO (41) . The two effects (quantum confinement and intrinsic effect of Mg) could not be separated.
The visible emission spanned the 400-590 nm range, featuring two broad bands at 400-495 nm and 495-590 nm whose relative intensities depended on Mg 2+ concentration. Different relaxation processes, radiative or nonradiative, can take place upon photoexcitation of a ZnO nanoparticle. Two mechanisms have been proposed for the ZnO visible emission: i) recombination of an electron in the valence band with a hole in a deep trap, ii) recombination of an electron in singly ionized oxygen vacancy (i.e., deeply trapped) with a photo-generated hole in the valence band (Xiong, 2010) . The green-yellow luminescence of ZnO is usually attributed to singly ionized oxygen vacancies (15, (44) (45) (46) (47) (48) . It has been shown by PL microscopy probing luminescence profile at single QD level that the visible emission of ZnO QDs is intrinsically broad. The broad bandwidth does not mainly arise from the NP size (or composition herein) distribution but from multiple transitions involving closely spaced energy levels, inherent to every QD, lying between the valence band and the conduction band (44) . The increase in QY upon Mg 2+ doping can be explained by the increased concentration of inner and surface defects, in particular oxygen vacancies, and by the decrease in QD size. Because of the larger surfaceto-volume ratio, smaller QDs entail the formation of more numerous surface defects. The surface state is expected to strongly influence the luminescence of ZnO QDs. For instance, correlations have been observed between the presence of surface hydroxide moieties and visible luminescence intensity. As observed by Felbier et al., when surface oxygen containing species, such as OH groups, were desorbed under vacuum, the visible emission vanished while the UV emission was significantly enhanced (49) . Of note, the decrease in QY when Mg-doped QDs are capped by oleic acid is consistent with the hypothesis of the role of OH groups in visible emission. The number of OH surface groups is expected to decrease if they react with oleic acid. The difference in relative intensities of the two broad bands at 400-495 nm and 495-590 nm suggests the existence of different types of defects and/or different paths for electron-hole recombination as a function of Mg concentration.
Conclusions
Mg-ZnO QDs were synthesized by a hydrolysis and condensation reaction. Mg 2+ ions could be incorporated into the ZnO wurtzite lattice owing to the very close values of the Mg 2+ and Zn 2+ ion radii. However, the dopant ions strongly influenced the growth and final size of ZnO nanocrystals. Doping with Mg 2+ ions widened the band gap of ZnO QDs and enhanced their visible luminescence. The luminescence went through a maximum for a 20 mol% nominal concentration of Mg 2+ ions in the reaction medium. With increasing proportion of Mg 2+ ions, both the absorption and emission spectra experienced a blue shift. Mg-ZnO QDs capped by oleic acid (OA) formed stable colloidal dispersions in chloroform and toluene, with strong visible luminescence, promising for biological imaging.
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